Abstract. The field of "Metal-Organic Frameworks" (MOFs) has grown exponentially, giving rise to nanoporous materials with promising applications in gas storage, molecular separation or catalysis. Despite the use of solvothermal synthesis, some MOFs can be obtained only as polycrystalline samples and in those cases, powder diffraction is essential to characterize them. Herein, the nanoporous iron(III) terephthalate MIL-53(Fe), has been chosen to illustrate the power of powder diffraction in the field of MOFs. Its structure can be described as a one-dimensional channel system made up of trans-linked Fe octahedra, crosslinked by the bidentate dicarboxylate. Powder diffraction has been used to solve the structures of two MIL-53(Fe) samples obtained with and without fluorine. Differences between the two structural models concern the occluded water molecules which are ordered in absence of fluorine and disordered in the other case. MIL-53(Fe) shows reversible dehydration-hydration behaviour, via a metastable anhydrous phase, yielding an anhydrous phase with reduced porosity compared to its chromium analogue. Finally, sorption of organic molecules (benzene, benzoquinone, pyridine and 2,6-lutidine) in MIL-53(Fe), studied by using powder diffraction data in order to understand the nature of the host-guest interactions, is discussed.
Introduction
The synthesis of hybrid inorganic-organic porous solids also called "Metal-Organic Frameworks" or MOFs has grown exponentially, due to their potential use in a variety of important applications, in gas storage, molecular separation or catalysis [1] . The combination of the huge variety of possible organic linkers and the multiple physical properties of inorganic cations, allows a wide modulation of both the dimensions of the pores and the properties of the final porous compounds. Despite the use of solvothermal synthesis, some MOFs can be obtained only as polycrystalline samples and in that case, powder diffraction is essential to characterize them. To illustrate the power of powder diffraction in this domain, we chose the MIL-53(Fe) sample [2] (MIL ¼ Material of Institut Lavoisier) which has been synthesized with benzenedicarboxylic (BDC) acid. The same topology has been obtained with different cations such as Cr 3þ [3] , Al 3þ [4] , In 3þ [5] , and Ga 3þ [6] . This MOF shows an amazing structural feature called "breathing effect", a reversible expansion of the structure whilst maintaining its topology, which depends on the nature of the cation [7] . Ab initio structural determinations of the two compounds obtained with and without fluorine will be presented, as well as dehydration/rehydration processes of MIL-53(Fe) followed by thermodiffractometry [2, 8] . Lastly, in order to understand the nature of the host-guest interactions, sorption of four organic molecules (benzene, benzoquinone, pyridine and 2,6-lutidine) have been studied in MIL-53(Fe) [8, 9] . The structures of the four corresponding compounds have been solved and refined from high-resolution X-ray powder diffraction data. High-resolution X-ray powder diffraction X-ray powder diffraction data were collected on ID31 of the European Synchrotron Radiation Facility (ESRF) from powdered samples contained in a 1 mm diameter quartz capillary. The beamline receives X-rays from the synchrotron source (which operates with an average energy of 6 GeV and a current beam of typically 100 mA) from an undulator device. The incident X-ray wavelength was 0.79989 A with a beam size of 2.0 mm (horizontal) Â 1.0 mm (vertical). In order to study the interactions of samples with a liquid organic guest, the solvent (benzene, pyridine and 2,6-lutidine) was injected into the capillary and the capillary then centrifuged to concentrate the solid to the end of sample holder. The samples were rapidly spun during data collection to ensure good powder averaging. Extractions of the peak positions, pattern indexing, direct space strategy resolution and Rietveld refinements were carried out with the TOPAS program [10] . Structural determinations were initialized by using direct methods, which were performed with the EXPO package [11] .
Experimental details
X-ray thermodiffraction analysis X-ray thermodiffractometry was performed under static air in an Anton Parr HTK16 high temperature device of a Siemens D-5000 diffractometer (qÀq mode, CoK a radiation) equipped with a M Braun linear position sensitive detector (PSD). The dehydration -rehydration processes (20-200 C) were cycled twice and studied at 10 C intervals with a temperature ramp of 0.02 C Á s
À1
. Each powder pattern was recorded in the range 6-24 (2q) with a 2 s/step scan, corresponding to an approximate duration of 1 = 2 h. (4) and V ¼ 1000.25(3) A 3 ; SG: C2/c) which exhibits the same unit cell as that already found for its chromium analogue [3] . These two materials have porous structures with lozenge shaped channels and are constructed from infinite chains of trans-corner-shared {FeO 4 (OH) 2 } or {FeO 4 (OH/F) 2 } octahedra cross-linked by benzenedicarboxylate ligands (Fig. 1) . In both structures, bond valence calculations for iron lead to a value close to 3 [12] . The valence (III) of the iron sites has also been confirmed by Mössbauer spectroscopy [2] . This superstructure of the "pure OH" compound with a doubling of its unit cell volume can be explained by the fact that two types of tunnels are observed (Fig. 1a) , whereas all tunnels are structurally equivalent in the case of the fluorinated compound (Fig. 1b) . In the case of the "pure OH" compound, there are distinct types of water molecule within each channel: tunnel 1 (Fig. 2a) contains a water molecule that is strongly hydrogen bonded to a partner of the same type generated by symmetry (d Ow1. . .Ow1 ¼ 2.662(1) A) and also to a hydroxyl of the inorganic framework (d O1. . .Ow1 ¼ 2.708(1) A), leading to formation of water dimers. In tunnel 2 (Fig. 2b) , the water interacts very weakly with its partner (d Ow2. . .Ow2 ¼ 3.443(1) A), although it is also hydrogen bonded to a framework hydroxyl (d O2. . .Ow2 ¼ 2.759(1) A). When fluorine is present, only one type of tunnel is observed with one independent disordered water molecule (occupancy (Fig. 3) , show that two major structural changes clearly occur upon dehydration of Fe(OH)(BDC) Á H 2 O, to produce finally the anhydrous Fe(OH)(BDC) or MIL-53(Fe)_ht above 150 C. At lower temperatures (from 50 C to 140 C), a metastable phase MIL-53(Fe)_int is observed. The hydration-dehydration process is reversible and reproducible as shown in Fig. 3 . The same behaviour has been observed for the fluorine containing solid. (2) and V ¼ 892.41(3) A
Results and discussion
9), b ¼ 7.64271(6), c ¼ 6.83058(7) A, b ¼ 114.9352
Indexing of its
powder pattern clearly shows that the metastable MIL-53(Fe)_int is triclinic (a ¼ 6.8865(2), b ¼ 10.5579(2), c ¼ 13.4662(3) A, a ¼ 109.856(2), b ¼ 88.058(2), g ¼ 103.967
3
; SG: P-1). MIL-53(Fe)_ht exhibits the same unit cell as that already found for Fe(OH/F)(BDC)
; SG: C2/c). The ab initio structural determination of MIL-53(Fe)_int reveals that this metastable phase is also anhydrous (also proved by cooling MIL-53(Fe)_ht within the capillary in the absence of water) and is highly distorted [2] . The topologies of the hydrous phase and the intermediate metastable phase are identical to that of the final anhydrous material, but the lower symmetry means that there are two sets of diamond-shaped channels with very different sizes in MIL-53(Fe)_int. These can be described in terms of iron-iron distances within each structure. The distances between two nearest iron(III) cations along the c-axis [3] . Indeed, for comparison, the Cr--Cr distance increases from 7.701 A to 13.092 A ($70%) during dehydration. Despite the similar ionic radii and electronegativities of Cr 3þ and Fe 3þ the two materials show a very different response towards a simple guest molecule such as water and it is difficult at present to find reasons for such a striking change. 
Sorption of organic molecules by MIL-53(Fe)
The structures of four MIL-53 materials with the guest molecules benzene (Fig. 5a) , benzoquinone (Fig. 5b) [9] , pyridine ( Fig. 5c ) [8] , or 2,6-lutidine (Fig. 5d ) [8] have been solved and refined from high-resolution X-ray powder diffraction data. All these materials have porous structures constructed from the same topology: infinite chains of trans-corner-shared {FeO 4 (OH/F) 2 } octahedra crosslinked by benzenedicarboxylate ligands. In the four compounds, the structure shows that one organic moiety per iron is sorbed within the channels. The C2/c unit cell is maintained only during sorption of pyridine with a partial expansion of the unit cell volume of about 39.7% with respect to the hydrated phase. This expansion is larger for benzoquinone (45.5%) and benzene (49.3%), whereas with 2,6-lutidine, water is co-sorbed to give a fully expanded version of the MIL-53(Fe) structure (about 59.3%). Concerning benzene, the solid crystallises in an orthorhombic unit cell. The organic molecules are not parallel to each other, or to the benzene rings of the skeleton. If they do exist, p--p interactions are very weak. The guest molecules have mostly a space-filling role. It can be noticed that orientation of the organic molecule is different in two neighbouring tunnels. Concerning benzoquinone, the organic molecules are parallel to each other, and to the benzene rings of the skeleton, in order to maximize p--p interactions. In contrast to the benzene case, orientation of the organic molecule is the same in all tunnels. With pyridine, the guest molecules are stacked face-to-face but have opposite orientations. This head-to-tail arrangement allows hydrogen bonding between pyridine nitrogen donors and the OH/F groups of the framework. The NÁ Á ÁC axis of the pyridine ring is perpendicular to the octahedral Powder diffraction in the field of MOFs 555 chains. The orientation of the pyridine ring is a compromise between geometric requirements of hydrogen bonds between pyridine nitrogen donors and the OH/F groups and p--p interactions between pyridine rings. When 2,6-lutidine is introduced into MIL-53(Fe), indexing shows that the framework is in its fully expanded form with the Imcm symmetry, previously found for the anhydrous chromium analogue. The material contains both one 2,6-lutidine and one water molecule per iron. The water molecule acts as a bridge between the 2,6-lutidine nitrogen-donor and the framework OH/F groups via hydrogen bonding. Direct hydrogen bonding between the guest and host is not possible due to the steric hindrance of the methyl groups. Co-sorption of water provides a way of giving a strong interaction between the organic guest and the framework. Neighbouring 2,6-lutidine molecules are parallel to each other and have also opposite orientations. In that case, once again, co-sorption is also a compromise between geometric requirements of the hydrogen bonds and p--p interactions between 2,6-lutidine rings. Time-resolved in situ energy-dispersive X-ray diffraction shows that when exposed to an aqueous mixture of pyridine and 2,6-lutidine the hydrated MIL-53(Fe) takes up both guest molecules initially to give two distinct phases, but the ultimate product is only MIL-53(Fe) [2,6- 
Concluding remarks
In summary, we have illustrated how high resolution powder X-ray diffraction is a powerful technique for determining the structures of metal-organic frameworks with complex three-dimensional structures and large unit cell volumes. The method is an important tool in the characterisation of such materials since in many cases they do not crystallise as large enough crystals for single crystal X-ray diffraction studies. The use of high brilliance synchrotron radiation allows high resolution data to be recorded from MOFs in the presence of a liquid containing excess guest molecules: this allows us to study materials that cannot be isolated once removed from the solution and dried. The results we are obtaining from these studies are vital for understanding the future uses of MOFs in molecular sieving and shape-selective catalysis applications: for example, in the separation of isomers of organic molecules, the purification of fine chemicals or ambient temperature catalytic transformations of chemical precursors for industry. In the case of MIL-53(Fe) the solid has already been shown to separate pyridine and 2,6-lutidine [8] , for example, and also acts as a host for lithium for an electrode in reversible battery materials [9, 13, 14] . To achieve the situation of rational design of new solid hosts with optimised properties for such applications, it is necessary to have a comprehensive picture of host-guest interactions in MOFs to elucidate trends in bonding. We are currently extending our studies to a variety of organic guest molecules including those whose separation is of practical importance. The results from these structural studies are also being used to interpret the data of fast time-resolved diffraction experiments where are monitoring the kinetics and mechanism of the uptake of guest to understand their potential separation properties.
